Effect of corrugation profile on the thermal–hydraulic performance of corrugated channels using CuO–water nanofluid  by Ahmed, M.A. et al.
Contents lists available at ScienceDirect
Case Studies in Thermal Engineering
Case Studies in Thermal Engineering 4 (2014) 65–75http://d
2214-15
(http://c
n Corr
Tel.: þ6
E-mjournal homepage: www.elsevier.com/locate/csiteEffect of corrugation profile on the thermal–hydraulic
performance of corrugated channels using
CuO–water nanofluid
M.A. Ahmed a,b,n, M.Z. Yusoff b, K.C. Ng b, N.H. Shuaib c
a Department of Mechanical Engineering, College of Engineering, University of Anbar Ramadi, Anbar, Iraq
b Department of Mechanical Engineering, College of Engineering, Universiti Tenaga Nasional (UNITEN), Jalan IKRAM-UNITEN,
43009 Kajang, Selangor, Malaysia
c TNB Research Sdn. Bhd., Jalan Ayer-Hitam, 43000 Kajang, Selangor, Malaysiaa r t i c l e i n f o
Article history:
Received 3 June 2014
Received in revised form
4 July 2014
Accepted 6 July 2014
Available online 15 July 2014
Keywords:
Nanofluid
Corrugated channels
Laminar flow
Thermal–hydraulic performance
Finite volume methodx.doi.org/10.1016/j.csite.2014.07.001
7X/& 2014 The Authors. Published by Elsevi
reativecommons.org/licenses/by-nc-nd/3.0/)
esponding author at: Department of Mecha
0 108985308.
ail addresses: moh0891@yahoo.com, mohama b s t r a c t
In this article, laminar flow and heat transfer characteristics of CuO–water nanofluid in straight
and corrugated channels are numerically investigated over the Reynolds number and
nanoparticles volume fraction ranges of 100–800 and 0–0.05, respectively. The governing
equations in body-fitted coordinates are discretized using finite volume approach (FVM) on a
collocated grid and solved iteratively using SIMPLE technique. Three different shapes of
corrugated channels such as sinusoidal, triangular and trapezoidal channel are considered in
this study. The streamwise velocity contours, temperature contours, non-dimensional pressure
drop, average Nusselt number and thermal–hydraulic performance factor are presented and
analyzed. Results show that the average Nusselt number and thermal–hydraulic performance
factor increases with increasing nanoparticles volume fraction and Reynolds number for all
channel shapes. In addition, the non dimensional pressure drop increases with increasing
nanoparticles volume fraction, while it decreases as Reynolds number increases for all channel
geometries. Furthermore, the trapezoidal channel has the highest Nusselt number and followed
by the sinusoidal, triangular and straight channel.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Convective heat transfer and fluid flow in corrugated channels is very important subject in many engineering
applications, such as electronic cooling and heat exchangers, due to enhance fluid mixing in these channels and hence
improve the performance of these devices. For further enhancement in such thermal devices to meet the growing needs by
industries, research on additional enhancement techniques has become very necessary. Thus, using nanofluids as a working
fluids instead of conventional fluids, such as water and ethylene glycol, lead to better enhancement in performance of these
devices due to the improve thermal conductivity of base fluid. Many numerical and experimental investigations on the
convective heat transfer in corrugated channels have been carried out using water or air as a working fluid [1–5].
Results displayed that the enhancement in heat transfer of corrugated channels was much better than that of straight
channels but with increasing in pressure drop penalty. On other hand, several numerical and experimental studies were
performed on the use of nanofluid to enhance the heat transfer. Santra et al. [6] have numerically studied laminar forceder Ltd. This is an open access article under the CC BY-NC-ND license
.
nical Engineering, College of Engineering, University of Anbar Ramadi, Anbar, Iraq.
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Nomenclature
a wavy amplitude (m)
A dimensionless wavy amplitude, (A¼a/H)
Cfx local skin-friction coefficient
Cp specific heat (J/kg K)
Dh hydraulic diameter (m) (Dh¼2H)
df fluid particle diameter (m)
Dp dimensionless pressure drop, (Dp¼Δp/
ρfu2in)
dp nanoparticles diameter (m)
f friction factor
H average spacing between walls of channel (m)
L dimensionless wavelength, (L¼Lw/H)
Lw wavelength (m)
Lt total length of corrugated channel (m)
k thermal conductivity (W/m K)
M molecular weight (kg/mol)
N Avogadro number (6.022141791023 mol1)
Nu Nusselt number
p pressure (Pa)
P dimensionless pressure
PEC thermal–hydraulic performance factor
Pr Prandtl number
Re Reynolds number (Re¼ρnfuinDh/μnf)
T temperature (K)
T0 reference temperature (273 K)
u, v velocities components (m/s)
U, V dimensionless velocity component
x, y 2D Cartesian coordinates (m)
X, Y dimensionless Cartesian coordinates
Greek Symbols
α thermal diffusivity (m2/s)
ϕ volume concentration of particles
β fraction of liquid volume traveling with a
particle
μ dynamic viscosity (N s/m2
ρ density (kg/m3)
θ dimensionless temperature
Δp pressure drop (Pa)
Subscripts
eff effective
f base fluid
in inlet
av average value
nf nanofluid
p particles
s straight channel
w wall
x local value
M.A. Ahmed et al. / Case Studies in Thermal Engineering 4 (2014) 65–7566convection of copper–water nanofluid between two parallel plates. It was found that the heat transfer rate increases with the
increasing in nanoparticle volume concentration as well as Reynolds number. Chandrasekar et al. [7] experimentally investigated
on the convective heat transfer Al2O3–water nanofluid pipe flow under constant heat flux conditions with and without wire coil
inserts. Results revealed that the use of nanofluids increases the heat transfer rate in the plain tube. Moreover, further
enhancement in heat transfer was observed when nanofluid was used with wire coil inserts. Wongcharee and Eiamsa-ard [8]
experimentally studied the flow and heat transfer characteristics of CuO–water nanofluid in a circular tube equipped with
modified twisted tape with alternate axis. It was found that the Nusselt number increases as Reynolds number and nanofluid
volume fraction increased. Manca et al. [9] and Mohammed et al. [10] numerically studied on the flow and heat transfer of
nanofluid in ribbed channel. Results indicated that the heat transfer enhancement increases with Reynolds number and
nanoparticls volume fraction, but it was accompanied by increasing the pressure drop. Heidary and Kermani [11] numerically
investigated on the flow and heat transfer in sinusoidal wavy channel, with 1801 phase shift, using nanofluid. It was concluded
that enhancement in heat transfer increased with Reynolds number, solid volume fraction of nanoparticles and wave amplitude.
Ahmed et al. [12] numerically studied on the flow and heat transfer enhancement of copper–water nanofluid in a triangular-
corrugated channel with a phase shift of 1801. The numerical results showed that there was a significant enhancement in heat
transfer due to the addition of the nanoparticles into water. Recently, Ahmed et al. [13] numerically investigated on the flow and
heat transfer of copper–water nanofluid in a sinusoidal wavy channel with 1801 phase shift. It was found that the enhancement
in heat transfer mainly depends on Reynolds number, volume fraction of nanoparticle and the amplitude of wavy channel.
Based on the above literature, it can be seen that the effect of corrugated channel shape on the thermal–hydraulic
performance using nanofluid has not been investigated in the past and this has motivated the present study. Thus, the
objective of this study is to investigate numerically the effect of various channel shapes on the thermal–hydraulic
performance using CuO–water nanofluid over Reynolds number and nanoparticles volume fraction ranges of 100–800 and
0–0.05, respectively. Three different shapes of corrugated channels such as sinusoidal, triangular and trapezoidal channels in
addition to straight channel are considered. The phase shift between the upper and lower walls of corrugated channel is 01.2. Model description
2.1. Physical model and problem assumptions
The schematic diagram of the corrugated channels with sinusoidal, triangular and trapezoidal corrugations is shown in
Fig. 1. The average space between the top and the bottom walls of corrugated channel is H. The corrugated channel consists
Lw
H 
2a
Lw
H
2a
Lw
H
Lw/4Lw/4
2a
Fig. 1. Physical domain of the present study: (a) sinusoidal channel, (b) triangular channel, (c) trapezoidal channel.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 4 (2014) 65–75 67of eight corrugation units. The axial length and the amplitude of each unit are Lw and a, respectively. In present study,
the following dimensionless geometric parameters are used; wavelength of corrugated channel (L¼Lw/H) of 2 and wavy
amplitude (A¼a/H) of 0.2. The flow can be assumed steady, laminar, incompressible and two-dimensional and the nanofluid
is assumed Newtonian fluid. Furthermore, it is assumed that the mixture of the base fluid (water) and spherical particles of
CuO is homogenous and enters the channel at the same velocity and temperature. The diameter of nanoparticles is 30 nm.
2.2. The governing equations and boundary conditions
The non-dimensional governing continuity, momentum and energy equations for 2D, steady, laminar incompressible
flow can be expressed as:
∂U
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Due to the complex (irregular) geometries of present study, the above governing equations are transformed to a body-
fitted coordinate system, and the transformed equations can be written as [14]
∂Uc
∂ζ
þ∂V
c
∂η
¼ 0 ð5Þ
∂
∂ζ
ðUUcÞþ ∂
∂η
ðUVcÞ ¼  ∂
∂ζ
ðYηPÞþ
∂
∂η
ðYζPÞþ
1
Re
∂
∂ζ
β11
∂U
∂ζ
 
þ ∂
∂η
β22
∂U
∂η
 
þ ∂
∂ζ
β12
∂U
∂η
 
þ ∂
∂η
β12
∂U
∂ζ
 
ð6Þ
∂
∂ζ
ðVUcÞþ ∂
∂η
ðVVcÞ ¼ ∂
∂ζ
ðXηPÞ ∂∂ηðXζPÞþ
1
Re
∂
∂ζ
β11
∂V
∂ζ
 
þ ∂
∂η
β22
∂V
∂η
 
þ ∂
∂ζ
β12
∂V
∂η
 
þ ∂
∂η
β12
∂V
∂ζ
 
ð7Þ
∂
∂ζ
ðθUcÞþ ∂
∂η
ðθVcÞ ¼ 1
RePr
∂
∂ζ
β11
∂θ
∂ζ
 
þ ∂
∂η
β22
∂θ
∂η
 
þ ∂
∂ζ
β12
∂θ
∂η
 
þ ∂
∂η
β12
∂θ
∂ζ
 
ð8Þ
where Uc and Vc are the contravariant velocity component, J is the Jacobian of transformation and β11, β12 and β22 are the
transforming coefficients. X, Y, U, V, θ, P, Re, Pr are non-dimensional Cartesian coordinates, non-dimensional velocity
components, non-dimensional temperature, non-dimensional pressure, Reynolds number and Prandtl number. These
parameters can be defined as:
Uc ¼ UYηVXη; Vc ¼ UYζþVXζ ; J ¼ XζYηXηYζ
β11 ¼ ðY2ηþX2ηÞ=J; β22 ¼ ðX2ζþY2ζÞ=J; β12 ¼ ðXζXηþYζYηÞ=J
X ¼ x
Dh
; Y ¼ y
Dh
; U ¼ u
uin
; V ¼ v
uin
; θ¼ TTin
TwTin
; P ¼ p
ρnf u2in
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μnf
; Pr¼ μnf Cpnf
knf
ð9Þ
The non-dimensional boundary conditions that are used in this study are defined as follows:i. Channel inlet
U ¼ 3=2½1ðy=ðH=2ÞÞ2; whereH=2ryr H=2 V ¼ 0; θ¼ 0 ð10aÞii. Channel outlet
∂U
∂X
¼ 0; ∂V
∂X
¼ 0; ∂θ
∂X
¼ 0 ð10bÞiii. Walls of corrugated channel
U ¼ 0; V ¼ 0; θ¼ 1 ð10cÞ2.3. The properties of nanofluid
The thermophysical properties of CuO–water nanofluid are defined as follows:i. Density and heat capacity:
The density and heat capacity of the nanofluid can be defined as [15]
ρnf ¼ ð1ϕÞ ρf þϕ ρp ð11Þ
ðρCPÞnf ¼ ð1ϕÞðρCPÞf þϕðρCPÞp ð12Þii. Dynamic viscosity:
The effective dynamic viscosity of the nanofluid is given as [15]
μnf
μf
¼ 1
134:87ðdp=df Þ0:3ϕ1:03
ð13Þ
where df is the equivalent diameter of a base fluid molecule, and it is defined as:
df ¼
6M
Nπρf
" #1=3
ð14Þ
where ρf is the density of the base fluid and it is calculated at temperature of 293 K.
iii. Thermal conductivity:
The effective dynamic viscosity of the nanofluid is given as [16]
kef f ¼ kstaticþkBrownian ð15Þ
where
kstatic ¼ kf
ðkpþ2kf Þ2ϕðkf kpÞ
ðkpþ2kf Þþϕðkf kpÞ
" #
; ð16Þ
kBrownian ¼ 5 104β ϕ ρf Cpf
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
κT
ρpdp
s
f ðT ;ϕÞ ð17Þ
β¼ 8:4407ð100 ϕÞ1:07304 ð18Þ
f ðT ;ϕÞ ¼ ð2:8217 102ϕþ3:917 103Þ T
To
 
þð3:0669 102ϕ3:91123 103Þ ð19Þ
The properties of CuO nanoparticles are given in Table 1.
Table 1
Thermophysical properties of nanoparticles and base fluid [1].
Material ρ (kg/m3) Cp (J/kg K) K (W/m K) m (kg/m s)
Water 996.5 4181 0.613 0.001
CuO 6500 533 17.65 –
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solution. For example, the local Nusselt number at the walls of corrugated channel is defined as follow:
Nux ¼ 
knf
kf
∂θ
∂Y

x;w
ð20Þ
The average Nusselt number is obtained by integrating the local Nusselt number over the walls of corrugated channel as
follow:
Nuav ¼
1
Lt
Z Lt
0
Nuxdx ð21Þ
The local skin-friction coefficient at the walls of corrugated channel is
Cf x ¼
2
Re
∂U
∂Y

x;w
ð22Þ
The friction factor is defined as:
f ¼ΔpDh
Lt
2
ρnf u2in
ð23Þ
where Lt is the length of channel. The thermal–hydraulic performance factor of the corrugated channel is given as [9]
PEC¼ ðNuav=Nuav;sÞ
ðf =f sÞ1=3
ð24Þ
3. Solution procedures
The non-dimensional governing continuity, momentum and energy equations are transformed from Cartesian to body-
fitted coordinates [17]. These equations are discretized using finite volume method (FVM) and solved iteratively. The
convection terms in these equations are discretized using power-law scheme, while the diffusion terms are discretized using
second order central scheme. SIMPLE algorithm is used to solve the pressure field by coupling the momentum equations
with continuity equation [18]. The computational mesh is developed by solving Poisson equations. A Collocated grid is used
in present study to store all variables such as velocities, temperature and pressure [19]. To achieve the convergence of
numerical solution, the under-relaxation is applied for velocities, pressure and temperature. The convergence criterion for
mass, velocity components and energy is set to 105.
4. Code validation and grid independence test
In order to validate the numerical code that is developed in the present study, the average Nusselt number for Copper–
water nanofluid flow in a wavy channel has been calculated and compared with previous numerical study of Heidary and
Kermani [11], see Fig. 2. It is found that the average and maximum deviation of the results are 2.5 and 7.8, respectively.
In numerical solution, the accuracy of results is basically dependent on the grid size. Thus, the local Nusselt number at the
lower wall of sinusoidal channel are calculated at Re¼500 and ϕ¼0.05 for different grid size as depicted in Fig. 3. It is found
that 50161 nodes can give grid independent solution.
5. Results and discussion
Laminar forced convection of CuO–water nanofluid in corrugated channels has been studied numerically. The effects of
channel shape, nanoparticles volume fraction as well as Reynolds number on the flow and thermal fields have been
presented and analyzed in this paper. The effect of Reynolds number on the streamwise velocity and temperature contours
for sinusoidal, triangular and trapezoidal channel are shown in Figs. 4 and 5. In general, the velocity and temperature
contours are asymmetrical with respect to the centerline of the channel because the upper and lower walls of channel are
asymmetrical. As seen from velocity contours that at low Reynolds number, Re¼100, the re-circulation regions appear in
trough (crest) of lower (upper) wall of corrugated channels. Furthermore, the size of re-circulation regions as well as the
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M.A. Ahmed et al. / Case Studies in Thermal Engineering 4 (2014) 65–7570intensity of these regions to the main flow increases with increasing in Reynolds number. Moreover, the trapezoidal-
corrugated channel has the largest re-circulation regions as a compared to the sinusoidal or triangular-corrugated channels.
It can be seen from the temperature contours that the thickness of thermal boundary layer decreases and the temperature
gradient at the walls of channels increase with increasing in Reynolds number. This is because the re-circulation regions that
generate in such channels can improve the mixing of cold fluid in core with hot fluid close to the walls of corrugated-
channels.
Fig. 6(a) and (b) depicts the influence of nanoparticles volume fraction on the average Nusselt number at Re¼300 and
800. According to this figure, it is observed that the average Nusselt number increases with nanoparticles volume fraction
due to improve thermal conductivity of the base fluid. In addition, the random movements of nanoparticles increases the
rates of energy exchange in the fluid as the nanoparticles volume fraction increases and consequently enhance the heat
transfer rate. Furthermore, it can be seen that the trapezoidal channel has the highest average Nusselt number because the
trapezoidal-corrugated channel provide the best fluid mixing and hence the highest heat transfer rate. Moreover, the
average Nusselt number for sinusoidal channel is the higher than the triangular channel at Re¼300 and 800, but the average
Nusselt number for sinusoidal and triangular channels are quiet close to each other at Re¼800. This is because at higher
Reynolds number (i.e. Re¼800), both of sinusoidal and triangular channels have the same size of re-circulation regions and
consequently both of them provide a good fluid mixing.
Fig. 7 displays the variation of the average Nusselt number with Reynolds number at ϕ¼0.05. It should be noted that the
average Nusselt number increases with increasing Reynolds number for all channel shapes due to decrease the thickness of
thermal boundary layer. Also, it can be seen that the trapezoidal channel provides the highest average Nusselt number and
followed by the sinusoidal and triangular channels due to improve the mixing of the working fluid in such channels. In other
ab
c
Fig. 4. Streamwise velocity contours at ϕ¼0.05 for different Reynolds number: (a) sinusoidal channel, (b) triangular channel, (c) trapezoidal channel.
M.A. Ahmed et al. / Case Studies in Thermal Engineering 4 (2014) 65–75 71word, the highest average Nusselt number for the best fluid mixing. In straight channel, the fluid mixing is poor because
there are no re-circulation regions and consequently the thermal boundary layer thickens. Therefore, the straight channel
has the lowest average Nusselt number.
The non-dimensional pressure drop versus nanoparticles volume fractions at Re¼300 and 800 is shown in Fig. 8(a) and
(b). It is found that the pressure drop increases with increasing the concentration of nanoparticles due to increase the
density and viscosity of nanofluid. It can also be observed that the trapezoidal channel has the highest pressure drop over
the entire range of nanoparticles concentration, while the straight channel has the lowest pressure drop. Furthermore, at
Re¼300, the triangular and sinusoidal channels have approximately the same pressure drop, while at Re¼800, the
triangular channel provide pressure drop is the higher than the sinusoidal channel. This is because the sharp vertical corner
of triangular channel leads to increase the pressure drop especially at higher Reynolds number.
Fig. 9 shows that the effect of Reynolds number on non-dimensional pressure drop at ϕ¼0.05. As expected, the non-
dimensional pressure drop decreases as Reynolds number increases for all channel shapes. At a given Reynolds number, the
trapezoidal channel provide the heights pressure drop, as pointed out earlier. It is also found when Reo200, the pressure
drop for the sinusoidal channel is the higher than that for the triangular channel. Beyond this Reynolds number the pressure
drop in triangular channel become higher than the sinusoidal channel due to the effect of the sharp vertical corner of
triangular channel on the pressure drop at higher Reynolds number. In addition, it found that the straight channel provides
minimum pressure drop because the flow in straight channel is regular and the re-circulation regions, that causes to
increase the pressure, do not generate in such channel.
Fig. 10 shows the effect of nanoparticles volume fraction on the thermal–hydraulic performance at Re¼300 and 800. It is found
that the performance factor increases with increasing the nanoparticles volume fraction. Furthermore, the sinusoidal channel has
highest performance factor and followed by trapezoidal and triangular channel. This is because the pressure drop in sinusoidal
channel is the lower than that for the trapezoidal and triangular channels as shown in Fig. 8. The thermal–hydraulic performance
factor versus Reynolds number at ϕ¼0.05 is depicted in Fig. 11. It can be clearly observed that the performance factor increases as
Reynolds number increases for all channel shapes. Also, it can be noted that the triangular channel provides the lowest
performance over Reynolds number range. It is found that when Reo220, the performance of trapezoidal channel is the higher
than the sinusoidal channel. Beyond this Reynolds number, the performance of sinusoidal channel becomes better than that for
trapezoidal channel. Finally, the maximum performance factor of 1.46 is obtained in the case of sinusoidal channel at Re¼800 and
ϕ¼0.05.
Fig. 5. Dimensionless temperature contours at ϕ¼0.05 for different values of Reynolds number: (a) sinusoidal channel, (b) triangular channel,
(c) trapezoidal channel.
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In this paper, the flow and heat transfer characteristics of CuO–water nanofluid has been numerically studied for straight
and corrugated channels with sinusoidal, triangular and trapezoidal corrugations. The governing continuity, momentum
and energy equations in terms of body-fitted coordinates are solved numerically using finite volume approach. The effect of
nanoparticles volume fraction and Reynolds number on the streamwise velocity contours, temperature contours, average
Nusselt number, non-dimensional pressure drop, and thermal–hydraulic performance factor are presented and discussed.
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M.A. Ahmed et al. / Case Studies in Thermal Engineering 4 (2014) 65–7574Results show that the average Nusselt number and thermal–hydraulic performance factor increases with increasing
nanoparticles volume fraction and Reynolds number for all channel shapes. In addition, the non dimensional pressure drop
increases with increasing nanoparticles volume fraction, while it decreases as Reynolds number increases for all channel
shapes. Furthermore, the trapezoidal channel has the highest Nusselt number and followed by the sinusoidal, triangular and
straight channel. Over the range investigated, the trapezoidal corrugated channel is recommended as the optimal structures
when Reo220, while at higher Reynolds number (i.e. Re4220), the sinusoidal channel is preferred over other channel
shapes to achieve higher performance and to design of more compact thermal devices.Acknowledgements
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